The structures of four selenium analogues of the antithyroid drug 6-n-propyl-2-thiouracil [systematic name: 2,3-dihydro-6-n-propyl-2-thioxopyrimidin-4(1H)-one], namely 6-methyl-2-selenouracil, C 5 H 6 N 2 OSe (1), 6-ethyl-2-selenouracil, C 6 H 8 N 2 OSe (2), 6-n-propyl-2-selenouracil, C 7 H 10 N 2 OSe (3), and 6-isopropyl-2-selenouracil, C 7 H 10 N 2 OSe (4), are described, along with that of the dichloromethane monosolvate of 6-isopropyl-2-selenouracil, C 7 H 10 N 2 OSeÁCH 2 Cl 2 (4ÁCH 2 Cl 2 ). The extended structure of (1) is a two-dimensional sheet of topology 6 3 with a brick-wall architecture. The extended structures of (2) and (4) are analogous, being based on a chain of eight-membered R 8 6 (32) hydrogen-bonded rings. In (3) and (4ÁCH 2 Cl 2 ), R 2 2 (8) hydrogen bonding links molecules into chains. 6-n-Propyl-2-selenouracilÁI 2 , C 7 H 10 N 2 OSeÁI 2 (7), is a charge-transfer complex with a 'spoke' structure, the extended structure of which is based on a linear chain formed principally by intermolecular N-HÁ Á ÁO hydrogen bonds. Re-crystallization of 6-ethyl-2-selenouracil or (7) from acetone gave crystals of the diselenides [N-(6 0 -ethyl-4 0 -pyrimidone)(6-ethyl-2-selenouracil) 2 (Se-Se)]Á2H 2 O (9Á2H 2 O) or [N-(6 0 -n-propyl-4 0 -pyrimidone)(6-n-propyl-2-selenouracil) 2 (Se-Se)] (10), respectively: these have similar extended chain structures formed via N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen bonds, stacked to give twodimensional sheets. Re-crystallization of (7) from methanol/ acetonitrile led via deselenation to the formation of crystals of 6-n-propyl-2-uracil (11), in which six symmetry-related molecules combine to form a six-membered R 6 6 (24) hydrogen-bonded ring, with each pair of molecules linked by an R 2
Introduction
Prior to 1960, no uncharged covalent compounds between selenium and iodine had been discovered (Dasent, 1965) . It was during the decade 1960-1969 that the structures of the first selenoether-iodine complexes were first reported (Chao & McCullough, 1961; Hope & McCullough, 1962; Maddox & McCullough, 1966; Bjorvatten, 1963; Dahl & Hassel, 1965; Holmesland & Rö mming, 1966; Bent, 1968) . Currently, organic selones and/or selenoamides are recognized as potential donors towards diiodine and some iodine-containing compounds, generating charge-transfer complexes that are generally more stable than those of the corresponding sulfur ligands (e.g. du Mont et al., 2001) . The reactions between selones or selenoamides with diiodine I 2 or interhalogens I-X (X = Br or Cl) lead to the formation of iodine chargetransfer complexes (Aragoni et al., 1999 , and references therein), which adopt a number of structures including: (i) 'spoke structures' or 'extended spoke structures' bearing a linear arrangement of Se-I-X (X = I, Br or Cl) or Se-I-IÁ Á ÁI-I groups;
(ii) two-coordinate iodine(I) cationic or iodonium salts with selone ligands ([LSe-X-SeL]); (iii) donor oxidation products including dicationic diselenides [LSe-SeL] 2+ Á2I 3 À or neutral diselenides; and (iv) T-shaped compounds containing the linear group ISe-X (X = I, Br or Cl; Aragoni et al., 2001 , and references therein). The mono-cationic diselenide geometry is the only interaction not yet observed in products of reactions between iodine and selones. As part of a study of charge-transfer complexes with iodine and polyiodides (Blake et al., 1995; Blake, Devillanova, Garau et al., 1998; , we report herein the structures of 6-npropyl-2-selenouracilÁI 2 , 6-n-propyl-2-selenouracil itself, some selenium analogues of 6-alkyl-2-thiouracils, two diselenides and the deselenation product 6-n-propyl-2-uracil.
Experimental

Synthesis and crystal growth
The preparative details for all nine compounds [see Scheme (I)] have been reported previously (Antoniadis et al., 2006) . Compounds (1), (2), (3) and (4) were re-crystallized from water to give colourless crystals, while re-crystallization of (4) from dichloromethane gave crystals of (4ÁCH 2 Cl 2 ). Crystals of (7) were grown from chloroform solutions, while re-crystallization of (6) and (7) from acetone gave the oxidation products (9Á2H 2 O) and (10), respectively. Re-crystallization of (7) from methanol/acetonitrile led via deselenation to crystals of 6-n-propyl-2-uracil (11).
Data collection, structure solution and refinement
Details of cell data, data collection and structure solution and refinement are summarized in Table 1 1 . Except for (9Á2H 2 O), which was solved using SIR92 direct methods (Altomare et al., 1994) , the structures were solved by direct methods using SHELXS97 (Sheldrick, 1990 ) and developed by difference Fourier methods using SHELXL97 (Sheldrick, 1998) . With the exception of the sp 2 -bound methyl group in (1), where they were located from a circular difference Fourier synthesis and refined as part of a rigid rotating group, all carbon-and nitrogen-bound H atoms were placed in geometrically calculated positions and refined using riding models (SHELXL97; Sheldrick, 1998) . Crystals of (9Á2H 2 O) are affected by twinning, principally by a 180 rotation about [001] for which the twin fraction was 0.291 (2). The water H atoms in (9Á2H 2 O) were not located.
The structure determination of (3) posed particular difficulties: the crystals were very small in two dimensions (10 and 20 mm) and efforts to obtain a dataset using a sealed X-ray tube or a rotating-anode source gave no significant diffraction. However, we were able to obtain a weak dataset on Station 9.8 of the Daresbury Synchrotron Radiation Source, although even this did not overcome all of the limitations imposed by the poor crystal quality. We found that only the Se atoms could be refined with anisotropic displacement parameters, and a total of 99 geometric, planarity and similarity restraints were necessary for a stable refinement. Although we cannot therefore discuss the fine details of the molecular geometry, it did prove possible to obtain reliable information about the extended structure of (3).
3. Results and discussion 3.1. Molecular structures of (1)-(4), (4ÁCH 2 Cl 2 ) and (11) Displacement ellipsoid plots of (1)- (4) Displacement ellipsoid plot of (1) showing the atom-numbering scheme, with ellipsoids drawn at the 50% probability level. 
], where 
Temperature (K) 150 (2) 120 (2) 120 (2) 150 (2) units of (1) and (11) each comprise single molecules, those of (2), (3), (4) and (4ÁCH 2 Cl 2 ) comprise three, two, three and two molecules, respectively. The molecular structures of the alkylselenouracils and of 6-n-propyluracil are unremarkable, and the molecular structure of (4) is not affected by recrystallization as (4ÁCH 2 Cl 2 ) from dichloromethane. The C-Se bond distances in (1)- (4) and in (4ÁCH 2 Cl 2 ) vary from 1.824 (2) to 1.848 (6) Å (Table 2 ). The two C O bond distances found in (11) are almost equal [1.2286 (16), 1.2387 (16) Å ; Table 4 ] and are within the range of the C O bonds found for other similar compounds such as 1,3-dimethyl-6-R-trisubstituted uracils [R = Me, 1.233 (3) Å ; R = Et, 1.224 (2) Å ; R = n Pr, 1.212 (3), 1.221 (3), 1.220 (3) Å ; R = n Bu, 1.220 (5), 1.226 (5) Å ; Suwinska, 1995] and triethylammonium 2,4-dioxo-6-(1,1,2,2,3,3-hexafluoropropyl)-5-benzylsulfonyl-3H-2,4-dihydropyrimidine [1.235 (3), 1.237 (2) Å ] (Timoshenko et al., 2002) . (1)- (4), (4ÁCH 2 Cl 2 ) and (11) The extended structures formed by the alkylselenouracils are worthy of comment; they depend primarily on hydrogen- Criterion for observed reflections Table 3 .
Extended structures of
Analysis of the hydrogen-bonding parameters in these compounds confirms a range of intermolecular contacts with similar numbers of N1-HÁ Á ÁO and N3-HÁ Á ÁO and of N1-HÁ Á ÁSe and N3-HÁ Á ÁSe interactions.
The extended structure of (1) is a two-dimensional sheet of topology 6 3 (Fig. 7) . A centrosymmetrically related pair of N3-HÁ Á ÁSe contacts form an R 2 2 (8) ring which links two molecules, thereby forming a dimeric unit. Each dimeric unit is bridged to four adjacent dimeric units through four single N1-HÁ Á ÁO contacts to give a sheet of six-membered rings, each of which involves an R 6 6 (28) hydrogen-bonded motif (Table 3) Displacement ellipsoid plot of (2) showing the atom-numbering scheme, with ellipsoids drawn at the 50% probability level. There are three independent molecules in the asymmetric unit.
Figure 3
Displacement ellipsoid plot of (3) showing the atom-numbering scheme, with ellipsoids drawn at the 50% probability level. There are two independent molecules in the asymmetric unit.
Figure 4
Displacement ellipsoid plot of (4) showing the atom-numbering scheme, with ellipsoids drawn at the 50% probability level. There are three independent molecules in the asymmetric unit.
Figure 5
Displacement ellipsoid plot of (4ÁCH 2 Cl 2 ) showing the atom-numbering scheme, with ellipsoids drawn at the 50% probability level. Two independent molecules of (4) are solvated by two dichloromethane molecules in the asymmetric unit.
parallel to the (10 " 2 2) plane, results in a brick-wall architecture (Fig. 7) .
The extended structures of (2) and (4) are analogous. They crystallize in the same space group with similar cell dimensions, the only difference being the alkyl group. Their extended structure (Fig. 8 ) is based on a chain of eightmembered rings which is aligned in the [101] direction in the (21 " 2 2) plane. The three molecules in the asymmetric unit are involved in different hydrogen-bonding motifs; the first (numbered C11 etc.) acts as a two-donor one-acceptor (2D-1A) species; the second (numbered C21 etc.) acts as a twodonor three-acceptor species (2D-3A) ; the third (numbered C31 etc.) acts as a two-donor two-acceptor species (2D-2A). Each eight-membered ring is centrosymmetric and comprises two 2D-1A molecules, two 2D-2A molecules and four 2D-3A molecules. Pairs of centrosymmetrically related 2D-3A molecules are common to two adjacent rings, thereby giving the correct stoichiometry. The hydrogen-bonding interactions leading to the eight-membered ring comprise an R 8 6 (32) motif (Table 3 ). The aliphatic residues of the two 2D-1A and two 2D-2A molecules are located on the edges of the chain, preventing inter-chain hydrogen-bond formation (Fig. 8) .
In (3), R 2 2 (8) hydrogen-bonding motifs link the two molecules of the asymmetric unit, which alternate along the b axis to form a one-dimensional chain (Fig. 9) Figure 6 Displacement ellipsoid plot of (11) showing the atomic-numbering scheme, with ellipsoids drawn at the 50% probability level. extended structure (Fig. 10) to that of (3). In this case, however, the chain is aligned along the b axis. One of the dichloromethane molecules is locked in position by a relatively short C-HÁ Á ÁO contact (Table 3) .
It is interesting to note that a different extended structure is adopted by 6-n-propyluracil (11), the uracil corresponding to (3). The asymmetric unit of (11) comprises a single molecule (Fig. 6) , six of which combine to form a six-membered ring (Fig. 11) . Linking each pair of molecules is an R 2 2 (8) hydrogenbonding motif, which forms part of the R 6 6 (24) hydrogenbonding motif (Table 3) , generating the inner diameter of the six-membered ring. The rings assemble on a sheet parallel to the (001) plane. The only inter-ring interactions are a centrosymmetric pair of relatively long C-HÁ Á ÁO contacts between the pendant CH 3 groups and carbonyl O atoms (Table 3) . Six-membered ring formation is possible owing to the fact that the R 2 2 (8) motifs in (11) View of part of a chain in the crystal structure of (3) showing the intermolecular N-HÁ Á ÁO and N-HÁ Á ÁSe interactions. Atoms are identified as in Fig. 7 .
Figure 8
View of part of a sheet in the crystal structure of (2) showing the intermolecular N-HÁ Á ÁO and N-HÁ Á ÁSe interactions. Atoms are identified as in Fig. 7 .
Table 3
Hydrogen-bonding parameters (Å , ) for (1)- (4), (4ÁCH 2 Cl 2 ) and (11) [N-H = 0.88 Å ; C-H = 0.95 Å ; = 0.6775 Å for (1), (3) and (10) similar structure, the corresponding R 2 2 (8) motifs would be unsymmetrical as they would comprise one short N-HÁ Á ÁO contact and one long N-HÁ Á ÁSe contact. Analysis of the structure of (2), which contains such assemblies, gives a value of 133 for the internal ring angle [see Scheme (IIIb)], which does not permit ring formation as it falls between the values required for seven-and eight-membered rings, namely 128.6 and 135
, respectively. Hence, (3) adopts a one-dimensional chain architecture with alternating R 2 2 (8) rings with pairs of oxygen and selenium acceptors (Fig. 9). 3.3. Molecular structures of (7), (9Á2H 2 O) and (10) Displacement ellipsoid plots of compounds (7), (9Á2H 2 O) and (10) are shown in Figs. 12, 13 and 14, while their selected bond lengths and angles are listed in Table 4 . Compound (7) exhibits the so-called 'spoke' structure typical of iodine adducts of selenium-containing compounds. The I-Se-C-N torsion angles [À0.5 (6) and À179.3 (6) for (7)], together with the C-Se-I and Se-I-I angles (Table 4) , are consistent with a planar arrangement. This planarity, which is typical of charge-transfer complexes with a 'spoke' structure, is Table 4 Molecular geometry parameters (Å , ) for (7), (9Á2H 2 O), (10) and (11). 
Figure 12
Displacement ellipsoid plot of (7) showing the atom-numbering scheme, with ellipsoids drawn at the 50% probability level.
Figure 11
View of part of a sheet of (11) showing the intermolecular N-HÁ Á ÁO interactions. Atoms are identified as in Fig. 7 .
enhanced by an intramolecular N-HÁ Á ÁI hydrogen bond between N3 and I1 (Table 5 ; Fig. 15 ). The I-I interatomic distance of 2.8928 (10) Å in (7) is longer than that in either the gas phase (2.677 Å : Pauling, 1960) or crystalline diiodine [2.715 (6) Å at 110 K: van Bolhuis et al., 1967] , presumably owing to the SeÁ Á ÁI interaction. It is, however, the shortest such distance measured for a diiodineselenoamide complex (Antoniadis et al., 2006) suggesting minimal perturbation resulting from the long SeÁ Á ÁI contact. Interestingly, correlation of the available SeÁ Á ÁI and IÁ Á ÁI distance data (see Antoniadis et al., 2006) shows there to be a linear relationship between the two, which is quantified by the expression: d(SeÁ Á ÁI) = À0.7981 d(IÁ Á ÁI) + 5.0983, R 2 = 0.9805. The I-I bond order of 0.547 calculated for (7) using the expression of Pauling (1960) is the highest such bond order for selenoamide-diiodine complexes. All these data are consistent with a very weak SeÁ Á ÁI interaction. Bigoli et al. (1996 Bigoli et al. ( , 1999 have separated iodine adducts of sulfur donors into three classes on the basis of IÁ Á ÁI bond order. Applying the same criteria to iodine adducts of selenium donors, (7) falls into the research papers Figure 14 Displacement ellipsoid plot of molecule (10) showing the atomicnumbering scheme, with ellipsoids drawn at the 50% probability level. The diselenide link is formed between Se2 and its symmetry equivalent at (Àx, Ày, Àz).
Figure 15
View of part of a chain in the crystal structure of (7) showing the intermolecular N-HÁ Á ÁO and C-HÁ Á ÁI and SeÁ Á ÁI interactions. Atoms are identified as in Fig. 7 . Table 5 Hydrogen-bonding parameters (Å , ) for (7), (9Á2H 2 O) and (10) (N-H = 0.88 Å ; C-H = 0.95 Å ). Figure 13 Displacement ellipsoid plot of molecule (9Á2H 2 O) showing the atomicnumbering scheme, with ellipsoids drawn at the 50% probability level. The diselenide link is formed between Se2 and its symmetry equivalent at (1 À x, Ày, 1 À z). The water H atoms were not located.
intermediate, rather than the weakest, classification which would require an IÁ Á ÁI distance of 3.92 Å , which is close to double the van der Waals radius of iodine (1.98 Å ). Therefore, a third type of Se-I adduct seems very unlikely. Although the C-Se distance in (7) [1.876 (6) Å ] is slightly longer than that for the corresponding free selenouracil (3) [average 1.836 (11) Å ; Table 2 ], it is similar to the C-Se distances found for the other charge-transfer complexes (see Antoniadis et al., 2006) . Re-crystallization of (6) and (7) from acetone solutions results in the formation of the diselenides (9Á2H 2 O) and (10), respectively [see Scheme (I)]. Their molecular structures consist of two centrosymmetrically related selenoamide ligands, which have been N-substituted by a deselenated ligand molecule, linked through an Se-Se bond to form the diselenide (Figs. 13 and 14) . The presence of a crystallographic inversion centre between the selenoamides fixes the C-SeSe-C torsion angle at 180
, which is unusual for diselenoamides. The majority of those listed have torsion angles between 50 and 93 , the only other example of a 180 angle being that in N,N,N 0 ,N 0 -tetraethylthiuramdiselenide (Dietzsch et al., 1998 Antoniadis et al., 2006) . Molecules (9Á2H 2 O) and (10) are neutral diselenoamides with two unequal C-N bond distances, as expected for such compounds. These bond distances become equal in the case of ionic diselenoamides. The Se-Se-C bond angles in (9Á2H 2 O) [88.99 (14) ] and (10) [89.44 (8) ] are at the lower end of the range found for diselenoamides.
3.4. Extended structures of (7), (9Á2H 2 O) and (10)
The extended structure of (7) is based on a linear chain aligned along the b axis (Fig. 15) . The principal contact between adduct molecules is an intermolecular N-HÁ Á ÁO hydrogen bond (Table 5 ). It is supported by an interaction between the terminal iodine and the selenium atom [SeÁ Á ÁI2 (x À 1, y, z) 3.862 (2) Å ; I1-I2Á Á ÁSe (1 + x, y, z) 87.02 (3); C2-SeÁ Á ÁI2 (x À 1, y, z) 171.3 (2); I1-SeÁ Á ÁI2 (x À 1, y, z) 83.82 (3); C2-SeÁ Á ÁI1 96.9 (2) ]. The extended structures of (9Á2H 2 O) and (10) View of part of a sheet of (10) showing the intramolecular N-HÁ Á ÁO and intermolecular C-HÁ Á ÁO interactions. Atoms are identified as in Fig. 7. difference is not clear. In the case of (9Á2H 2 O), the N-HÁ Á ÁO contact is quite long at 3.166 (5) Å , and by inference weak, owing to bifurcation of the hydrogen bond, the other contact being an intramolecular interaction of 2.560 (5) Å . The intermolecular contact is supported by a relatively short C-HÁ Á ÁO hydrogen bond [CÁ Á ÁO 3.304 (5) Å ]. In the case of (10), the N-HÁ Á ÁO intramolecular contact [NÁ Á ÁO 2.534 (3) Å ] is an independent interaction, the molecules being linked by a pair of centrosymmetrically related, somewhat long, C-HÁ Á ÁO hydrogen bonds [CÁ Á ÁO 3.535 (4) Å ] which form an R 2 2 (8) motif (Fig. 17) .
In both structures the chains are stacked to give twodimensional sheet architectures parallel to (1 " 2 20) for (9Á2H 2 O) and to ( " 1 121) for (10). In the case of (9Á2H 2 O) the chains are linked through hydrogen-bonded water molecules which not only form the sheet but also link the sheets into a threedimensional structure. Although it was not possible to locate the water H atoms, the proposed interactions are supported by the geometries around the O atoms. Thus, OÁ Á ÁO distances range from 2.741 (5) through 2.770 (5) to 2.861 (5) Å , while OÁ Á ÁOÁ Á ÁO angles range from 109.9 (2) through 122.5 (3) to 123.7 (2) . There are no aromatic stacking interactions owing to a staggered molecular arrangement. The only other possible interaction linking the sheets is an SeÁ Á ÁSe contact, but the interatomic distance is extremely long [4.125 (2) Å ]. In the case of (10) the chains are linked into two-dimensional sheets by relatively long C-HÁ Á ÁO contacts [CÁ Á ÁO 3.562 (4) Å ; Table 5 ]. Hydrogen-bonded contacts between sheets are not feasible and the staggered molecular arrangement precludes aromatic stacking interactions. The only possible interaction is an SeÁ Á ÁSe contact, but the interatomic distance of 3.961 (2) Å is rather long.
Concluding remarks
The architectures of the extended structures of the 6-alkyl-2-selenouracils (1)-(4) and (4ÁCH 2 Cl 2 ) rely heavily on R 2 (8) hydrogen-bonded rings are also found in the extended structure of 6-n-propyl-2-uracil (11), where they generate a sixmembered paddle-wheel ring with pendant propyl groups (Fig. 11) .
The extended structures of the diselenide oxidation products (9Á2H 2 O and 10) also depend on O/O R 2 2 (8) hydrogen-bonded rings. However, in (9Á2H 2 O) the donors are a mixture of C-H and N-H moieties [see (IVd)] while in (10) they are exclusively C-H donors. In both cases the molecules are linked to give rise to chain architectures (Figs. 16  and 17 ).
The O atoms of all five 6-alkyl-2-selenouracil and of the single 6-n-propyl-2-uracil structures act as acceptors to just one hydrogen-bonded contact. The Se atoms behave similarly except in (2) and (4). Of the Se atoms of the three molecules in the asymmetric unit of (2) and (4), one acts as a dual acceptor, one as a single acceptor while the third is not involved in any hydrogen bonds (Fig. 8) . The situation in the oxidation products (9Á2H 2 O and 10) is complicated by the existence of intramolecular N-HÁ Á ÁO hydrogen bonds. In (9Á2H 2 O) one oxygen acts as a dual acceptor to intra-and intermolecular N-HÁ Á ÁO hydrogen bonds and a second oxygen acts as a single acceptor in an intermolecular C-HÁ Á ÁO hydrogen bond. All three contacts generate the one-dimensional chain structure (Fig. 16) . In (10), one oxygen acts as a dual acceptor research papers to an intramolecular N-HÁ Á ÁO and an intermolecular C-HÁ Á ÁO hydrogen bond to generate the one-dimensional chain structure, while a second oxygen acts as a single acceptor in an interchain C-HÁ Á ÁO hydrogen bond (Fig. 17) .
